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molecular stacking axis in Li+TCNQ- nanoclusters are substantially larqer than that
observed in biulk M+TCNQ- salts. The large intermolecular spacing in Li+TCNQ- nanoclusters
is consistent with Coulomb repulsion between fully reduced c = 1 TCNO- anion sites in the
Li+TCNQ- nanoclusters (p = formal charge). The smaller spacings observed for (TTF)(TCNO)
nanoclusters is consistent with teduced Coulomb re]i sion, in aqreement with the fractional
charge known to exist in the bulk material (p = 0.59 and 0.59- for TTF and TCNQ sites,
respectively). The preferred direction of qrowth of the nanoclusters is transverse to
the molecular stacking axes in both compounds, whereas the macroscopic morpholoqies reflect
preferred growth parallel to the stacking direction. These observations indicate that
morphology and molecular packing of crystal nuclei at the nanoscale are not necessarily
identical to the corresponding characteristics observed at the macroscopic scale.
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Self-Assembly of Low-Dimensional Molecular Nanoclusters

on Au(111) Surfaces

Joachim Hossick Schott and Michael D. Ward*

Department of Chemical Engineering and Materials Science,

University of Minnesota, 421 Washington Ave. SE, Minneapolis 55455

Abstract

Two-dimensional nanoclusters of (TTF)(TCNQ) (TTF = tetrathiafulvalene, TCNQ -

tetracyanoquinodmethane) and Li+TCNQ-, formed on Au( 11) surfaces by vapor phase

sublimation under ambient conditions prior to growth of bulk crystals of these low-dimensional

organic conductors, have been observed with scanning tunneling microscopy (STM) and

scanning electron microscopy (SEM). The molecular planes of the constituents in individual

nanoclusters are oriented perpendicular to the Au(l 11) substrate, while the clusters exhibit

azimuthal orientations conforming to the threefold Au <110> directions. The nanocluster

morphology and structure suggest that self-assembly of the nanoclusters is governed by specific

interactions between the molecular species and the substrate and molecular diffusion along

<110> troughs on the Au(1 11) substrate surface. In the case of the (TTF)(TCNQ) nanoclusters,

TTF and TCNQ molecules assemble into molecular rows normal to the stacking direction, with

intermolecular distances along the stacking direction which are nearly identical to those observed

in bulk (TTF)(TCNQ). In contrast, the intermolecular spacings between TCNQ molecules along

the molecular stacking axis in Li+TCNQ- nanoclusters are substantially larger than that observed

in bulk M+TCNQ- salts. The large intermolecular spacing in Li+TCNQ- nanoclusters is

consistent with Coulomb repulsion between fully reduced p = 1 TCNQ- anion sites in the

Li+TCNQ- nanoclusters (p = formal charge). The smaller spacings observed for (TTF)(TCNQ)

nanoclusters is consistent with reduced Coulomb repulsion, in agreement with the fractional



charge known to exist in the bulk material (p = 0.59+ and 0.59- for TTF and TCNQ sites,

respectively). The preferred direction of growth of the nanoclusters is transverse to the

molecular stacking axes in both compounds, whereas the macroscopic morphologies reflect

preferred growth parallel to the stacking direction. These observations indicate that morphology

and molecular packing of crystal nuclei at the nanoscale are not necessarily identical to the

corresponding characteristics observed at the macroscopic scale.
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Introduction

The self-assembly of molecular species into ordered arrays is crucial to several areas of

fundamental and technological interest. Liquid crystals exhibit rich phase behavior due to

molecular ordering on mesoscopic length scales.I The properties of photographic dyes and

sensitizers are influenced significantly by aggregate structure and molecular orientation with

respect to a substrate. Molecular self-assembly also plays an important role in the nucleation of

growth of molecular crystals, and is a key determinant of crystal characteristics such as

polymorphism and morphology. While crystal engineering strategies for the design and

synthesis of molecular crystals have been explored extensively,2 the self-assembly and molecular

recognition principles responsible for nucleation and growth have begun to emerge only recently.

Several recent examples of molecular self-assembly have revealed the importance of substrate

interfaces during heterogeneous nucleation. Molecular recognition between prenucleation

aggregates and well-defined interfaces such as Langmuir monolayers, 3 self-assembled

monolayers, 4,5 and single crystal substrates 6 has been shown to influence growth orientation,

nucleation rates, and polymorphism of molecular crystals.

Molecular-based electronic devices, which may provide unprecedented control of

structure and properties, will be realized only when the self-assembly of the molecular

constituents leading to these materials can be directed in a preordained manner. Epitaxially

driven formation of ordered molecular assembles of organic molecules such as coronene and

phthalocyanines on van der Waals solid substrate surfaces has been reported recently, suggesting

routes to the fabrication of molecular heterojunctions. 7 In this regard, we have been interested in

the formation of molecular assemblies on solid substrates in which the assemblies derive from

redox active species commonly found in low-dimensional conducting solids.. The formation of

these assemblies on metal substrate surfaces is particularly interesting because low-dimensional

conductors are commonly synthesized by electrochemical crystallization on metal electrodes.

Little is known about the early stages of the electrochemical nucleation and growth of these

compounds, although recent atomic force microscopy investigations have provided insight into
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crystallization in the nanoscopic regime.8  We have demonstrated recently the formation, by

vapor phase sublimation, of ordered nanoclusters of (TTF)(TCNQ), a low-dimensional metal in

the bulk, on Au(l 11) surfaces. 9 Scanning tunneling microscopy (STM) studies revealed the

formation of two types of clusters. The predominant clusters (Type I) were monolayer and

multilayer (TTF)(TCNQ) assemblies resembling the ac face of bulk (TTF)(TCNQ), with the

molecular planes parallel to the Au( 11) surface. This orientation was preserved as the clusters

grew into macroscopic crystals. These studies also revealed, however, a minor amount of

clusters assigned as Type II, in which the molecular planes were normal to the Au( 11l) surface.

If the cluster assumes a molecular motif resembling the bulk phase, this orientation dictates that

one-dimensional stacks of TTF and TCNQ molecules are parallel to the Au( 11) surface.

H H
NC CN

H) ><NC 
CN

H S H H H

TTF TCNQ

We describe herein the structure and properties of Type II nanoclusters of (TTF)(TCNQ),

as well as nanoclusters of the semiconducting kJharge-transfer salt Li+TCNQ- molecules. In

contrast to (TTF)(TCNQ), the latter forms only Type II clusters. The molecular motifs of these

clusters resemble those of the bulk crystals, although intermolecular Coulomb repulsions and

strong substrate-adsorbate initeractions are suggested by uncharacteristically large interplanar

spacings along the stacking direction. In both systems, the preferred growth direction of the

adsorbed crystal nuclei is dictated by the symmetry and structure of the substrate surface.

Particularly revealing is the morphology of the nanoclusters in which their molecular stacking

axes are parallel to the short axis of the cluster, opposite to that observed in macroscopic crystals

of these materials grown on identical surfaces. The characteristics of these clusters reveals the
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interplay between substrate structure, molecular surface diffusion, adsorbate-substrate

interactions on metal surfaces, and the important role of the substrate in the early stages of

nucleation and growth.

Experimental Section

Substrate preparation. Au(I 11) surfaces were prepared according to a previously described

procedure.10,1",12 One end of a -2 cm piece of Au-wire (99.999 % purity, 0.5 mm diameter,

Johnson Matthey) was melted in a hydrogen-oxygen flame to form a sphere of I - 2 mm

diameter. Upon cooling in air, highly reflective facets appeared on the sphere which proved to be

atomically flat in STM. High resolution STM exhibited the unreconstructed phase of the

Au(1l1) surface.

Sample preparation. Nanoclusters of (TTF)(TCNQ) or Li+TCNQ- were prepared on fresh

Au( 111) surfaces by positioning the Au substrate -5 mm above (TTF)(TCNQ) or Li+TCNQ-

crystals contained in a small vial at ambient pressure and temperature. Under these conditions,

the vapor pressure of the charge-transfer salts was sufficient to obtain monolayer-thick

nanoclusters within approximately five minutes, with longer times leading to thicker clusters.

Crystals of meso- and macroscopic dimensions (0.1 - 100 gim 3 ) were prepared by sublimation at

slightly higher temperatures (600 C) and longer times (up to -15 hours). STM images were

acquired in ambient air using a Nanoscope I(Th4) scanning tunneling microscope equipped with

a mechanically cut Pt(90%)Ir(10%) tip, with the tip held at virtual ground. Images were

acquired in the constant current mode. Based on atomically resolved images of Au(1 11)

surfaces, the lateral accuracy of the STM data is estimated as ±0.3A. All images consist of 400

x 400 data points and were obtained with a scan rate of 8.6 Hz.
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Results and Discussion

Nanocluster morphology. Brief exposure of a flame annealed gold sphere, containing

atomically flat Au( 111) facets, to (TTF)(TCNQ) or Li+TCNQ- vapor under ambient conditions

resulted in the formation of nanometer-scale clusters on the Au substrate that could be observed

readily by STM (Figure 1, 2). The tunneling conditions significantly influenced the ability to

observe the nanoclusters, as low set-point resistances often resulted in the destruction of the

clusters. Therefore, all images were obtained using set-point resistances _> 1 GK. Sublimation of

either TTF or TCNQ alone afforded only disordered, poorly defined crystals on the surface.

[Figure 1]

[Figure 2]

The STM data in Figure 1 actually reveal that two different types of (TTF)(TCNQ)

nanoclusters can be distinguished. Large, irregularly shaped "Type I" nanoclusters having a

sheet-like morphology (Figure IA) and an apparent height of 1.3 A (as measured with respect to

the underlying Au( 111) surface) predominate, whereas "Type IH" nanoclusters exhibiting worm-

like morphologies and apparent heights of 1.6 A are observed only infrequently (Figure 1B).

The Type I nanoclusters, which we have described previously in detail,7 exhibit random

azimuthal orientation with the ITF and TCNQ polecular planes parallel to the Au(l 11) surface.

However, the Type H nanoclusters are highly oriented, the long axes of different clusters

subtending angles of 600 or 1200. In Figure 1B these nanoclusters are predominantly oriented

parallel to the edges of large defects on the Au(l 11) surface which have a depth of one atomic

layer. The edges of these defects most likely comprise steps oriented along the <110> directions

of the Au(1 11) substrate since the step edges subtend angles of 600 and 1200. This observation

indicates that self-assembly of the Type II nanoclusters preferentially occurs along directions

conforming to the threefold symmetry of the Au(l 11) surface, specifically along the <110>

directions which define atomic "troughs" on the (111) plane.
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Nanoclusters of Li+TCNQ- are also evident after exposure of the Au(l 11) substrate to

this charge-transfer salt. In this case the Type I morphology has never been observed. Rather,

only worm-like nanoclusters, resembling the Type II (TTF)(TCNQ) nanoclusters, are observed.

The apparent height of these clusters also is 1.6 A, and the long axes of different clusters form

angles of 600 and 1200 with respect to each other. Apparently, self-assembly of the Li+TCNQ-

nanoclusters also conforms to the threefold symmetry of the Au(1 11) surface.

Molecular architecture. Higher resolution STM images of the Type II (TTF)(TCNQ) clusters

reveal parallel rows of contrast with center-to-center spacings between rows ranging from a

minimum of 3.6 A to a maximum of 4.9 A (Figure 3). These rows are always parallel to the long

axis of the nanoclusters. Each row consists of repeating tunneling current maxima, with

distances between maxima ranging from 2.8 to 4.0 A (Figure 3B). This pattern is consistent with

the structural motif expected for a (TTF)(TCNQ) monolayer in which the molecular motif

resembles that of the (lO0) plane of the bulk crystal, with TTF and TCNQ molecules alternating

along the row direction but forming segregated stacks transverse to the rows (Figure 3C).13

Consideration of the TTF HOMO and TCNQ LUMO (Figure 3D), which describe the states

nearest the Fermi level in the bulk material based on a tight-binding approximation,14 suggests

that the tunneling current observed on this plane would exhibit two maxima per TTF molecule

(corresponding to the sulfur atoms) and threo maxima per TCNQ molecule (corresponding

approximately to the two methylidene carbons and the ring orbitals). A computer generated

overlay of the TT HOMO and TCNQ LUMO states based on the (101) plane of crystalline

(TTF)(TCNQ) is in reasonable agreement with the STM data (crystal structure lattice parameters:

b = 3.819 A, [101] = 21.48 A; STM data: b = 4.4 A (average spacings between rows, measured

along the b direction), [101] = 17 A). While this model ignores the influence of the substrate on

the wavefunctions and tunneling probability,15 the STM data suggest the presence of segregated

molecular stacks of TTF and TCNQ molecules (labelled a and b, respectively, in Figure 3A).
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Based on the above assignment of molecular orientation, the observed nanocluster

morphology indicates that the direction of fastest growth for the Type II (TTF)(TCNQ)

nanoclusters is transverse to the stacking axis. This morphology contrasts with that observed for

bulk crystals, which crystallize as needles with the needle axis coincident with the b stacking

axis, signifying fast growth along the b direction. The substrate is clearly playing an important

role in the mechanism of molecular self-assembly at small length scales where molecule-

substrate interactions are important.

High resolution STM images of the Li+TCNQ- nanoclusters exhibit features resembling

those of the Type R (TTF)(TCNQ) clusters (Figure 4). Parallel rows of tunneling current are

observed which are aligned with the long axis of the cluster, with periodic tunneling current

maxima within the rows. However, the spacing between the rows is more uniform and clearly

larger, 4.6 - 4.9 A, than that observed for the (TTF)(TCNQ) clusters. These spacings also are

considerably larger than those observed in bulk alkali-TCNQ crystals (- 3.8 A). To our

knowledge, no detailed x-ray structural analysis has been performed for Li+TCNQ-. Our

attempts to grow single crystals of Li+TCNQ- were not successful as the crystals were either too

small or were twinned. However, it is well established that the structure of other alkali TCNQ

compounds such as Rb+TCNQ- and K+TCNQ- are isomorphous.16 These salts crystallize in the

P21/c space group, with the structural data for K+TCNQ- reported as: a = 7.08 A, b = 17.78 A,

c = 17.86 A, f3 = 94.95o.17,18,19 Notably, the, angle subtended between rod-shaped vacancies

of monomolecular width (one of these is labelled "V" in Figure 4B) and the row direction is 950.

This angle is identical to 13 for bulk K+TCNQ-, which is the angle subtending the stacking

direction and the b axis, which is coincident with molecular rows of TCNQ anions. This

observation supports a nanocluster motif in which TCNQ- anions form one-dimensional

molecular stacks transverse to molecular rows of TCNQ- anions, similar to the motif in bulk

K+TCNQ-.

Close examination of the periodicity of tunneling current within the rows of a nanocluster

reveals regions containing trimers and regions containing dimers and trimers of tunneling current
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maxima (Figure 5 and Figure 6). The end-to-end distance for each trimer is - 8 A and = 4 A for

each dimer, nearly identical to the distance between the nitrogen atoms along the long (8.2 A)

and the short axis (4.2 A) of the TCNQ molecule, respectively. The observed tunneling features

are consistent with TCNQ- anions arranged end-to-end along the long molecular axis and/or in an

up-sideways manner (Scheme 1), the latter resembling the motif in crystalline K+TCNQ-. Both

arrangements are observed within a single cluster, however, the tunneling current contrast

indicates that within a given stack the molecular orientations are identical. Notably, the apparent

stacking axis forms an angle of 950 with the direction of the dimer-trimer or trimer-trimer rows.

This, together with the fact that the stacks are composed of molecules adsorbed in one particular

molecular orientation, strongly indicates that some bulk features of Li+TCNQ- crystals are

present even during the initial stages of nucleation. This suggests that intermolecular forces

responsible for the bulk structure are operative in the monolayer, despite the fact that the

intermolecular separation along the stacking axis in the nanoclusters is considerably larger than

in bulk crystals. The Li÷ ions, which presumably reside in the regions between the TCNQ

stacks, are not expected to participate in tunneling due to their lack of states near the Fermi level.

Furthermore, if the nanocluster mimicks the solid state structure, the Li÷ ion is embedded in the

nitrogen terminated arms of the TCNQ molecules, which would mitigate resolution of its

tunneling feattmes from those of TCNQ-. We exclude the possiblility that Li÷TCNQ- dissociates

on the Au( 11) surface to give stacks of neutral TCNQ molecules because STM of Au( 111)

substrates exposed to TCNQ alone did not yield comparable features.

Scheme 1

[Figure 4]

[Figure 5]

[Figure 6]
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Intermolecular and substrate interactions in nanocluster self-assembly. As with the Type II

(TTF)(TCNQ) clusters, the morphology of the Li÷TCNQ- nanoclusters differs from that typically

observed for macroscopic crystals of low-dimensional solids. That is, the preferred growth

direction of the nanoclusters is approximately perpendicular to the TCNQ- stacking axes. This

behavior is strong evidence that the Au( 111) substrate plays an important role in the self-

assembly of the nanoclusters. The role of the substrate is particularly evident from the relative

orientations of the nanoclusters in a given image, and by their orientation with respect to the

directions of steps on the Au( 111) surface, which are surmised to be <110> directions that also

define atomic "troughs" between rows of Au atoms on a defect-free Au( 111) surface (see Figure

7). The angles subtended by the molecular rows in different clusters are 00, 600, and 1200,

conforming to the three-fold symmetry of the <110> troughs (Figure 2, 4).

These results indicate that self-assembly along the <110> troughs is favorable, reflecting

an interplay between intermolecular interactions, adsorbate-substrate interactions, and facile

surface diffusion of molecular species in the <110> troughs. Self-assembly of diffusing

molecules on the Au(l 11) surface can occur by two modes: (1) end-to-end alignment of

molecular species in the <110> troughs, resulting in formation of oriented molecular chains and

rapid cluster growth parallel to <110> of the Au substrate or (2) face-to-face stacking of TTF or

TCNQ molecules across neighboring atomic troughs oriented roughly along the <221> direction.

The morphology of the nanoclusters suggests sthat the flux of (TTF)(TCNQ) and Li÷TCNQ-

species along the <110> troughs is greater than along other directions, including <221>. This is

reasonable for molecules whose planes are oriented perpendicular to the surface. If the

molecules were to diffuse with their molecular plane parallel to the surface, in the absence of

strong epitaxy no preferred growth direction of the clusters would be expected since the molecule

would be too wide to fit in the atomic trough. Indeed, Type I (TTF)(TCNQ) clusters do not

exhibit any azimuthal orientation whatsoever (Fig. IA). Since Type II clusters are rarely

observed in the case of (TTiF)(TCNQ) but are observed exclusively for Li+TCNQ-, this implies

that TTF and TCNQ molecules in (ITF)(TCNQ) adsorb predominantly with their molecular

10



planes aligned parallel to the Au(l 11) surface and Li+TCNQ- molecules with their planes

perpendicular to the surface. Epitaxially driven growth of the Type II clusters of either

(TTF)(TCNQ) or Li+TCNQ- by lattice matching of the Au( 11) substrate and the

crystallographic planes of the organic crystals is not likely as no reasonable lattice match with

three-fold symmetry could be found. This observation therefore supports a self-assembly

process which is governed ny favorable adsorption of the TCNQ- anion and rapid diffusion in the

<110> troughs. Notably, the distance between two nitrogen atoms along the long molecular axis

is 8.2 A, which is close to the 8.6 A spacing between two threefold hollow sites along the

direction of the atomic troughs (Figure 8). This agreement may provide for favorable binding of

TCNQ- with the Au( 111) substrate in the <110> troughs, thereby increasing the concentration of

TCNQ- anions, and promoting their subsequent assembly, in the <110> troughs. This argument

suggests that the predominance of Type I clusters for (TTF)(TCNQ) is due to a stronger

preference of TTF to lay flat on the Au(1 11), possibly due to favorable gold-sulfur interactions.

[Figure 7]

[Figure 8]

The role of the <110> troughs is particularly evident in the STM images of the

Li+TCNQ- nanoclusters. The upper value mepsured for the spacing between molecular rows

was 4.9 A, nearly identical to the value of 5.0 A traversed by two atomic rows along the <221>

directions. This is good evidence that the TCNQ- anions reside in the troughs, which results in

interplanar separations that are substantially larger than those observed in the solid state (3.34 A

and 3.74 A for the intradimer and interdimer separations, respectively, in K+TCNQ-). Thus,

diffusion and self-assembly of molecules along the atomic troughs of the Au( 11) surface

explains the worm-like morphology of both (TTF)(TCNQ) and Li+TCNQ- nanoclusters, and

their conformism to the three-fold symmetry of the Au( 111) surface. Face-to-face stacking of

molecules across neighboring atomic troughs is expected to instigate the formation of the
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molecular stacking patterns present in (TTF)(TCNQ) and Li+TCNQ- nanoclusters. In contrast to

the interplanar spacings in Li+TCNQ- clusters, the smallest measured separation between the

parallel rows in the (TIT)(TCNQ) clusters was 3.9 A, approaching the interplanar separations in

the bulk crystal (3.55 A). At these separations, the TTF and TCNQ molecules cannot be in

registry with the <110> troughs along the <221> direction. A plausible explanation for these

observations may stem from the difference in Coulomb repulsion in the two solids. It is well

established that the excess charge on TTF and TCNQ sites is only p = 0.59+ and p= 0.59-,

respectively. 20 In contrast, the charge on the TCNQ- anion sites in Li+TCNQ- is p = 1.0-, which

leads to extensive Coulomb repulsion terms in the solid state, the formation of a Mott gap, and

the observation of semiconducting behavior in the bulk material. It is feasible that Coulomb

repulsion mitigates the charge-transfer driven assembly of TCNQ- anions in Li+TCNQ- clusters.

That is, the stabilization realized from charge-transfer may not be sufficient to overcome

Coulomb repulsion and TCNQ--adsorbate interactions in the <110> troughs. Under these

conditions, the intermolecular spacings in the Li+TCNQ-nanoclusters would be dictated by the

4.9 A spacing between two <110> troughs.

In contrast, the lower limit of 3.9 A for the spacings between rows in (TTF)(TCNQ)

clusters is consistent with less significant Coulomb repulsion expected for this material, which

would inhibit to a lesser degree the assembly of molecules by face-to-face charge-transfer

interactions. However, that larger 4.9 A spacirngs are also observed occasionally, suggesting a

delicate balance between Coulomb repulsion, substrate-adsorbate interactions, and charge-

transfer interactions. It is also possible that the regions exhibiting larger inter-row spacings may

represent domains which are not completely assembled, as the larger spacings are generally

observed near regions containing large vacancies. In this regard, the ordered motif is not

observed in smaller clusters (not shown here), but is observed readily in larger clusters.

Evolution of a crystal. Prolonged exposure of the Au(1 11) surface to Li+TCNQ- vapor results

in the formation of needle shaped crystals on the surface with their long axes oriented parallel to
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the substrate surface, as observed by scanning electron microscopy (Figure 9). The STM data

strongly support a nanoclusters in which the stacking axes are parallel to the Au( 111) substrate

surface and nearly coincide with the short axis of the cluster. If these characteristics were

preserved during growth of mature crystals from these clusters, the TCNQ stacking axis would

remain parallel to the Au(1 11) substrate. However, the stacking axes would be parallel to the

short axis of the crystals, contrary to the typical morphology of low-dimensional solids in which

the crystal needle axis and the stacking axis coincide. This issue can be resolved by close

inspection of the SEM micrographs of the crystals. The angle subtended by the needle axis and

the edges at the ends of the crystals is 950, identical to 13, the angle subtending the a stacking axis

and the c axis of bulk K'TCNQ-. This clearly indicates that the preferred direction of growth of

more mature crystals is parallel to the TCNQ stacking axis, in contrast to the growth behaviour

of the nanoclusters.

[Figure 9]

The different morphologies of the nanoclusters and bulk crystals can be explained by the

directing influence of the substrate on the characteristics of the monolayer thick nanoclusters.

This influence will diminish at longer length scales where the crystal morphology of larger

Li+TCNQ- growth centers will be governed by crystal surface energies and rates of attachment to

the exposed crystal faces, resulting in morphologies similar to those typically observed for single

crystals. However, azimuthal orientation of the mature crystals is clearly evident from SEM,

which reveals that the crystal needle axes subtend angles of 00, 600, and 1200 with respect to

each other, identical to the mutual orientations observed for the nanoclusters. This observation

indicates that the crystallographic orientation of the crystals with respect to the Au( 111) substrate

remains fixed by the initial nanocluster orientation. This requires that crystal growth from these

precursor nuclei involve a transition to the bulk structure with retention of orientation. The

transition for Type II clusters may involve reconstruction of the primary layer at the Au(1 11)

13



interface upon deposition of subseqent layers, growth of bulk material on the unreconstructed

primary layer, or a gradual evolution of the crystal lattice toward the bulk structure as the growth

interface moves further from the substrate, which would involve gradual contraction along the a

axis. Retention of azimuthal orientation in the mature crystals is evidence that the interaction

between the primary layer and subsequent layers must be epitaxial in nature.

Conclusion

These studies clearly reveal that interactions between a substrate and nuclei play an

important role in determining several crystal characteristics such as morphology and orientation.

In the examples described here, the substrate also governs the molecular motif of the

nanoclusters, which differs from the bulk crystals with respect to the intermolecular distances.

Nevertheless, the orientation and motif established in the nanoclusters dictate the growth process

leading to macroscopic crystals, as azimuthal and normal orientation is preserved. We anticipate

that characterization of the nucleation and growth of organic crystals at the nanoscale level on

well-defined substrates such as Au(1 11), will provide the fundamental understanding required for

better control of the crystallization of these materials and, possibly, fabrication of novel devices

where morphology, orientation, and molecular structure are crucial.
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Figure Captions

Figure 1. (A) Type I (TTF)(TCNQ) nanocluster on Au(l 1l). The apparent height of these

clusters is 1.3 A, suggesting a monolayer thickness with the molecular planes parallel to the

Au( 111) surface. High resolution images are consistent with the a molecular motif resembling

the ac face of the bulk crystal (see reference 2 for details). (B) Type II (TTF)(TCNQ) clusters.

The clusters are worm-shaped, the long axes of the clusters subtending angles of 00, 600, and

1200. The feature denoted as "A" is a Au(1 11) terrace recessed below the upper substrate terrace

by a depth corresponding to a monoatomic thickness (1.44 A). This feature exhibits step

directions which subtend angles of 600, 1200, 1800, and 2400. These step directions most likely

belong to the <110> family, contained in (001) step planes. The (TTF)(TCNQ) clusters appear

to be oriented parallel to the <110> step directions. All images are low pass filtered once.

Tunneling conditions: (a) Vb = -175 mV, iT = 0.1 nA; (b) Vb = -225 mV, iT = 0.1 nA; (c) Vb =

-225 mV, iT = 0.1 nA.

Figure 2. (A), (B) Li+TCNQ- nanoclusters formed on a large Au( 111) terrace, and at an Au( 111)

monoatomic step. Note that different clusters are oriented 600 and 1200 with respect to each

other and appear to grow with their long axes either parallel or at an angle of 600 or 1200 with

respect to the monoatomic steps. All images low pass filtered once. Tunneling conditions: (a) Vb

= -75 mV, iT = 0.1 nA; (b) Vb= -155 mV, iT =n0.1 hA.

Figure 3. (A) High resolution STM data of a (TTF)(TCNQ) type II nanocluster. Parallel rows

of tunneling current are evident, with spacings between rows ranging from a minimum of 3.5 A

to a maximum of 4.9 A (measured normal to the rows). The distances between the periodic

tunneling current maxima range between 2.8 A and 4.0 A, corresponding to intramolecular

tunneling current pathways associated with TTF HOMO and TCNQ LUMO states. (B) A

profile of the tunneling current within one of these rows. Tunneling conditions: Vb = -225 mV,

iT = 0.1 nA. (C) Molecular motif of the (101) plane of crystalline (TTF)(TCNQ). (D) The
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TCNQ LUMO and TTF HOMO.16 A computer generated model of the HOMO and LUMO of

TTF and TCNQ, respectively, drawn to scale as viewed on the ab plane, is overlaid on the STM

data in (A). The data is consistent with the presence of segregated TCNQ and TTF stacks

(labeled a and b, respectively). The two tunneling current maxima comprising the features

assigned to TTF molecules are attributed to the HOMO contributions on the two sulfur atoms

nearest the tip. Two of the three tunneling current maxima comprising the features assigned to

TCNQ molecules are attributed to the two nitrogen atoms nearest the tip at the termnini of the

molecule, the third to the central ring of the molecule.

Figure 4. (A), (B) High resolution STM images of Li+TCNQ- nanoclusters. In (a), two clusters

are observed whose long axes are oriented 1200 with respect to each other. Parallel rows of

tunneling current oriented along the long axes of the clusters are evident, with spacing between

the rows of = 4.8 A. The clusters in (B) illustrate the typical morphology. Note that the angle

between the rod-shaped vacancy of monomolecular width in the lower right comer of the image

(labelled "V") forms an angle of 950 with the direction of the rows. The data in (a) are unfiltered

and the data in (b) were low pasF filtered once. Tunneling conditions: (a) Vb = -320 mV, iT =

0.1 nA; (b) Vb = -224 mV, iT = 0.1 nA. (C) Crystal structure of the ac plane of K+TCNQ-,

illustrating the molecular anion stacks along a and the molecular rows of anions along c.

Figure 5. (A), (B). STM images of Li+TCNQ- nanocluster illustrating tunneling current contrast

which can be attributed to molecular TCNQ stacks. The image in (B) is a section of the image in

(A) obtained by reducing the scanned area during data acquisition. Tunneling conditions: Vb =

-235 mV, iT = 0.1 nA. (c,d) STM images of a Li+TCNQ- nanocluster which exhibits the

"sideways-up" molecular architecture (see text). The image in (D) is a section of the image in (C)

obtained by reducing the scanned area during data acquisition. Tunneling conditions are identical

to those in (A). The data in (A) and (C) are unfiltered. The data in (B) and (D) are band-pass

filtered to remove low frequency noise.
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Figure 6. (A) Profiles of the tunneling current within one of the rows of a Li+TCNQ-

nanocluster depicted in Figure 6C (lower trace), and of one of the rows in the image shown in

Figure 6D (upper trace) are depicted. (B) A simplified representation of the TCNQ LUMO

states, 1 6 based on the "end-to-end" motif, overlaid on the section of the data from Figure 6B at

the same scale. (C) A simplified representation of the TCNQ LUMO states, based on the

"sideways-up" motif, overlaid on the section of the data from Figure 6D at the same scale.

Figure 7. Schematic representation of the Au( 111) surface, indicating the crystallographically

equivalent <110> atomic troughs, along which molecular self-assembly of the nanoclusters is

favored.

Figure 8. Schematic representation of quasi-epitaxial adsorption of a TCNQ molecule on

Au( 11), oriented perpendicular to the substrate with the long axis of the TCNQ molecule

oriented parallel to <1 10>. The distance between two threefold hollow sites along <1 10> (8.6 A)

is nearly identical to the distance spanned by the terminal nitrogen atoms of TCNQ along the

long axis of the molecule (8.2 A).

Figure 9. (A) Scanning electron micrograph ofLi+TCNQ- crystals grown on a facetted area of

the, u( 111) substrate (note the pim scale of these images). The needle axes of different crystals

subtend angles of 00, 600, and 120o. (B) Scanning electron micrograph of a Li+TCNQ- crystal on

Au(l 11). The angle in the lower right comer of the needle shaped crystal is measured to be 950,

indicating that the stacking axis of more mature crystals on the mesoscopic scale is parallel to the

needle axis.
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